1. Introduction {#sec1}
===============

Cysteine (Cys), as one of the most important biothiol amino acids, is an intrinsically nucleophilic amino acid in proteins, where its reactivity is used to adjust various biochemical functions.^[@ref1]^ As a source of sulfide, Cys in normal levels (30--200 μM) are beneficial to human metabolism.^[@ref2]^ However, Cys in abnormal levels have been found to associate with various diseases, including rheumatoid arthritis, liver damage, skin lesions, Huntington's disease, and Alzheimer's disease.^[@ref3]−[@ref5]^ Therefore, it is vital to efficiently recognize Cys and accurately determine its content in a living system.

Among various methods for the detection of Cys, fluorescent probes are regarded as a kind of effective sensing technique, which provides a rapid and convenient method for the detection of Cys.^[@ref6]−[@ref9]^ In 2011, Strongin and co-workers first constructed a fluorophore with an appended acrylate group to serve as a fluorescent probe for Cys, which is based on the well-known conjugate addition/cyclization reaction.^[@ref10]^ Up to now, various kinds of fluorophores with acrylate groups have been developed to sensitively and selectively detect Cys.^[@ref11]−[@ref20]^ Recently, a new fluorescent probe (2-(1-phenylimidazo\[1,5-α\]pyridine-3-yl)phenyl acrylate, denoted as MZC-AC) has been designed and synthesized to successfully recognize Cys in which only the HRMS and ^1^H NMR spectra have been done to confirm the proposed excited state intramolecular proton transfer (ESIPT) mechanism.^[@ref21]^ Generally speaking, these spectroscopic techniques can only provide indirect information about the photochemical mechanisms. Additionally, the immanent reason why the isolated MZC-AC presents the state of fluorescence quenching is unclear. Therefore, an in-depth study about the sensing process of an MZC-AC molecule is still necessary.

It is well-known that theoretical calculation has great advantages in dealing with the sensing mechanism and excited state properties of fluorescent probes.^[@ref22]−[@ref30]^ In the current work, we explore the sensing process of the reported fluorescent probe MZC-AC ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}) for the first time by using density functional theory (DFT) and time-dependent density functional theory (TDDFT) methods. The optimized geometries and electronic characters of the fluorescent probe MZC-AC and the product 2-(1-phenylimidazo\[1,5-α\]pyridine-3-yl)phenol (denoted as MZC) are systematically investigated in different states (S~0~ and S~1~). The objective of the calculations is to explore the fluorescence sensing mechanism of the Cys probe by molecular structure, electronic spectra, frontier molecular orbitals, and potential surface scanning. Meanwhile, the possible ESIPT process of the current molecular system has been extensively studied. The current work will be conducive to deepening the understanding of the mechanism of the ESIPT process, and it contributes to the design and synthesis of a highly selective ESIPT-based fluorescent probe for cysteine.

![Molecular Structures of MZC-AC and MZC\
"A", "B", and "C" denote three planes only for labeling.](ao0c02393_0008){#sch1}

2. Computational Details {#sec2}
========================

All DFT and TDDFT calculations were performed within the Gaussian16 program package.^[@ref31]^ The ground and excited state geometrical structures of MZC-AC and MZC were optimized by DFT and TDDFT with the long-range-corrected functional (CAM-B3LYP)^[@ref32]^ and the TZVP basis set.^[@ref33],[@ref34]^ All optimizations were performed without symmetry constrains. All true local minima in the ground and excited states were confirmed by the vibrational frequency calculation. The solvent effects were included by means of the polarized continuum model (PCM) approach with dimethylsulfoxide (DMSO) as the solvent in the calculations.^[@ref35]^ Moreover, the potential energy curve (PEC) was scanned by constrained optimizations in the S~0~ and S~1~ states, keeping the distance of the O--H bond fixed at a series of values. Although the TDDFT method usually can only estimate the excited state energy by the PEC scan, it is reliable to present the shape of the PEC for proton transfer according to previous studies.^[@ref36]−[@ref38]^

3. Results and Discussion {#sec3}
=========================

The geometries of MZC-AC and MZC (enol and keto forms) in the ground (S~0~) and excited (S~1~) states have been optimized at the CAM-B3LYP/TZVP level. The optimized geometries of the studied molecules are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. All of the selected key geometrical parameters are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

![Optimized geometries of MZC-AC and MZC in the S~0~ and S~1~ states. The labeling of atomic color: C: black; H: gray; O: red; N: blue.](ao0c02393_0001){#fig1}

###### . Key Geometrical Parameters for MZC-AC and MZC in the S~0~ and S~1~ States

                               MZC                         
  -------------------- ------- ------- ------- ------- --- -------
  bond length (Å)                                          
  O--H                                 0.988   0.992       1.766
  N--H                                 1.754   1.718       1.026
  bond angle (°)                                           
  O--H--N                              146.7   146.4       132.1
  dihedral angle (°)                                       
  A--B                 147.5   174.8   147.9   170.0       162.9
  A--C                 130.1   138.2   152.7   157.3       164.6

For MZC-AC, the geometrical parameters, including bond length and bond angle, do not show obvious changes from the S~0~ state to the S~1~ state except for the dihedral angles between the imidazo\[1,5-α\]pyridine moiety (A), benzene moiety (B), and phenyl acrylate moiety (C). The dihedral angles of A--B and A--C change from 147.5 and 130.1° in the S~0~ state to 174.8 and 138.2° in the S~1~ state, respectively. This result indicates that MZC-AC in the S~1~ state has better coplanarity than that in the S~0~ state. As can be seen from [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the O--H bond length of MZC is elongated from 0.988 Å in the S~0~ state to 0.992 Å in the S~1~ state, increasing by 0.004 Å. Obviously, the intramolecular hydrogen bond (IHB) distance of H···N is shortened from 1.754 Å in the S~0~ state to 1.718 Å in the S~1~ state, decreasing by 0.036 Å. These calculated results indicate that the IHB interaction in the S~1~ state is strengthened with respect to the S~0~ state, which may be beneficial to the occurrence of ESIPT.^[@ref23],[@ref39],[@ref40]^ The formation of the intramolecular hydrogen bond O--H···N for MZC in the ground state is supported by the electrostatic potential surface.^[@ref41]^ It should be noted that we did not obtain the stable structure of the keto form of MZC in the S~0~ state. In another way, the proton transfer in the S~0~ state is impossible, which is supported by the potential energy curve analysis. From the structure of the keto form of MZC in the S~1~ state, there is a transformation of the intramolecular hydrogen bond from the O--H···N type to the O···H--N type, which is reflected by the N--H bond length (1.026 Å) and O···H bond length (1.766 Å). Additionally, the geometries of MZC in the S~1~ state have better coplanarity than that in the S~0~ state, which is reflected by the values of the dihedral angles.

The infrared (IR) vibrational frequencies of the O--H bond are adopted to account for the weakness or enhancement of the intermolecular hydrogen bond by means of the electron spectrum blue-shift or red-shift.^[@ref42]−[@ref45]^ Herein, the calculated IR spectra of MZC in the S~0~ and S~1~ states at the spectral range from 2800 to 3600 cm^--1^ are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The calculated O--H bond stretching vibration frequency of MZC has a red-shift of 75 cm^--1^ from 3310 cm^--1^ in the S~0~ state to 3235 cm^--1^ in the S~1~ state, which indicates a stronger hydrogen bond interaction in the S~1~ state. Thus, the result indicates that it is conducive to the occurrence of the ESIPT process in the S~1~ state.

![Calculated IR spectra of MZC in the S~0~ and S~1~ states.](ao0c02393_0002){#fig2}

An intuitive way in real-space surfaces,^[@ref46]^ plots of the reduced density gradient (RDG) versus the electron density (ρ) multiplied by the sign of the second Hessian eigenvalue (λ~2~), is adopted to clearly analyze the types and intensities of IHB interactions. The *y* coordinate RDG and the *x* coordinate Ω are expressed as [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}, respectively.

According to Bader's atoms-in-molecules (AIM) theory,^[@ref47]^ the signs of the second Hessian eigenvalue λ~2~ \< 0 and λ~2~ \> 0 represent bonded and non-bonded interactions, respectively. Thus, combined with the electron density ρ, we can qualitatively determine the types and intensities of the interactions. Large, negative values of sign(λ~2~)ρ are indicated as attractive interactions (such as hydrogen bonding or dipole--dipole); meanwhile, if the values are large and positive, the interactions are under steric crowding. Values near zero represent very weak van der Waals interactions. The colored RDG scatter plots are obtained using Multiwfn software,^[@ref48]^ and colored RDG isosurfaces are plotted using VMD software.^[@ref49]^

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} presents the colored RDG scatter plots (top) and colored RDG isosurfaces (bottom) for MZC in the S~0~ and S~1~ states in which the main concern is the IHB interaction. The contour value of RDG scatter plots is set as 0.08, and the range of the RDG isosurface is −0.035 to 0.02 a.u. in which the blue, green, and red correspond to the hydrogen bond interaction, van der Waals interaction, and steric crowding effect, respectively. It is obvious that the spike peak of MZC shifts from −0.046 in the S~0~ state to −0.050 in the S~1~ state, indicating the stronger IHB interaction in the S~1~ state. The IR analysis results have once again greatly corroborated the noncovalent interaction analysis.

![Colored RDG scatter plots (top) and isosurfaces (bottom) for MZC in the S~0~ and S~1~ states. Blue: strong attractive interactions; green: van der Waals interactions; red: nonbonding interactions.](ao0c02393_0003){#fig3}

It is well-known that frontier molecular orbitals (MOs) can be usefully employed to directly grasp the nature of the excited states.^[@ref44],[@ref50],[@ref51]^ Therefore, the MOs of MZC-AC and MZC have been determined by the TDDFT method. The calculated absorption wavelengths, corresponding oscillator strength (*f*), compositions, and the experimental values are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The related frontier molecular orbitals around the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

![Computational absorption and fluorescence spectra of MZC and MZC-AC. Dashed line: corresponding experimental values.](ao0c02393_0004){#fig4}

![Calculated frontier molecular orbitals involved in the absorption of MZC-AC and MZC.](ao0c02393_0005){#fig5}

###### . Calculated Absorption and Emission Wavelengths, Oscillator Strength (*f*), and Compositions for MZC-AC and MZC Based on TDDFT[a](#t2fn1){ref-type="table-fn"}

  probe       transition    λ~cal~ (nm)   *f*      composition   CI (%)
  ----------- ------------- ------------- -------- ------------- --------
  MZC-AC      S~0~ → S~1~   326 (330)     0.2113   H → L+1       92
              S~0~ → S~2~   297 (303)     0.2668   H → L         61
                                                   H → L+2       32
              S~1~ → S~0~   763           0.0004   L → H         99
  MZC         S~0~ → S~1~   333 (345)     0.2459   H → L         92
              S~0~ → S~2~   304 (309)     0.4926   H → L+1       90
  enol form   S~1~ → S~0~   440           0.4513   L → H         97
  keto form   S~1~ → S~0~   480 (475)     0.5699   L → H         93

In parentheses are the experimental values obtained from ref ([@ref21]).

For MZC-AC, the oscillator strength of S~0~ → S~2~ is 0.2668, which is the largest. Thus, the dominant transition is primarily ascribed to HOMO → LUMO (61%) and HOMO → LUMO+2 (32%) with the intramolecular charge transfer (ICT) from imidazo\[1,5-α\]pyridine and the left benzene moieties to the acrylate group and right benzene moiety, respectively. The transition S~0~ → S~1~ is ascribed to HOMO → LUMO+1 (92%) with the electron density mainly localized on imidazo\[1,5-α\]pyridine and the left benzene moieties. This shows that the S~1~ state is locally excited (LE). Obviously, the energy of the LE state lies above that of the ICT state; thus, the photoinduced electron transfer (PET) process is conducive to fluorescence quenching. The obtained results give a reasonable explanation for the observed experimental phenomena, and the calculated absorption spectra agree well with the experimental values ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

In contrast to MZC-AC, MZC may emit strong fluorescence due to the absence of the PET process when the acrylate group is removed. The obtained excitation energies of the S~0~ → S~1~ and S~0~ → S~2~ transitions are 333 and 304 nm, which is in agreement with the experimental values ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The dominant transition S~0~ → S~2~ (*f* = 0.4926) is assigned to HOMO → LUMO+1 (90%) with an obvious charge transfer feature. Additionally, the transition S~0~ → S~1~, assigned to HOMO → LUMO (92%), also has an obvious charge transfer feature. It is obvious that the electron density of hydroxyl oxygen decreases, while that of the neighboring nitrogen increases after the electron transition from HOMO to LUMO and LUMO+1. That is to say, the ICT process in the S~0~ → S~1~ and S~0~ → S~2~ transitions can cause the hydroxyl oxygen to be more acidic and the neighboring nitrogen to be more basic. The results show that MZC more easily undergoes proton transfer in the S~1~ state.

To sufficiently identify the PET process of MZC-AC and the ESIPT process of MZC, their emission properties are investigated in detail. Generally, the fluorescence emission is from the lowest singlet excited state based on Kasha's rule. The high electronic states will relax to the S~1~ state at a very fast speed (10^--14^ to 10^--11^ s) prior to the emission to the S~0~ state. Thus, only the HOMO and LUMO are given in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}; meanwhile, the calculated emission wavelengths, corresponding oscillator strength (*f*), compositions, and experimental values are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. Obviously, the first singlet state of MZC-AC is the ICT state with the charge transfer from acrylate to the chromophore moiety. The electron excited to LUMO+1 will descend gradually to the HOMO via the LUMO with transfer from acrylate to the chromophore moiety, which is in agreement with the definition of the PET process. Therefore, MZC-AC reveals the drastic fluorescence quenching, which is supported by the very small value of oscillator strength (*f* = 0.0004). For the enol form of MZC, the fluorescence emission process only involves the excited electron going straight from the LUMO to the HOMO. The relaxed transition with a partial ICT feature is allowed with a large oscillator strength (*f* = 0.4513); therefore, the fluorescence of the enol form of MZC is recovered. For the keto form of MZC, the fluorescence emission process is similar to that of the enol form of MZC. The relaxation transition is generated with the largest oscillator strength (*f* = 0.5699); thus, the keto form of MZC should exhibit strong fluorescence. The calculated emission wavelengths for the enol and keto forms are 440 and 480 nm, respectively, and the latter is in agreement with the experimental value of 475 nm. As a result, the ESIPT process of MZC is confirmed by the emission of the keto form with a large Stokes shift.

![Calculated frontier molecular orbitals involved in the emission of MZC-AC and MZC.](ao0c02393_0006){#fig6}

To study the mechanism of the ESIPT process more deeply, the potential energy curves (PEC) of MZC are investigated based on fixing the O--H bond length to a range of values in the S~0~ and S~1~ states. The energies of the S~1~ state are obtained by constrained optimizations of the O--H bond length at the TDDFT level, while those of the S~0~ state are obtained at the DFT level (shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, it is obvious that the PEC of the S~0~ state is almost monotonously uphill along with the elongation of the O--H bond length (PT process coordinate). This indicates that the PT process in the S~0~ state may find it impossible to happen. The PEC of the S~1~ state shows a noteworthy reduction of the potential barrier (∼ 5.15 kcal/mol) across the proton transfer coordinate following the photoexcitation from the ground state. That is, the ground state intramolecular proton transfer process of MZC is infeasible, while the ESIPT process is feasible. The mechanism of the ESIPT process can be described as MZC mainly existing in the enol form with an intramolecular hydrogen bond in the S~0~ state. After photoinduced electronic excitation, the ESIPT reaction proceeds with the hydroxyl group acting as a proton donor and the neighboring nitrogen acting as a proton acceptor.

![Potential energy curves of S~1~ and S~0~ states for MZC.](ao0c02393_0007){#fig7}

According to ref ([@ref21]) and the current calculations, the fluorescent probe MZC-AC shows high selectivity with a large Stokes shift for the detection of cysteine with the turn-on feature. According to the geometries, frontier molecular orbitals, and potential energy curves for both the S~0~ and S~1~ states, the sensing mechanism for Cys can be delineated as follows (see [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). MZC-AC is nonfluorescent due to the quenching effect of the acrylate group based on the PET mechanism. After the addition of Cys, MZC is produced at a very fast speed based on the conjugate addition/cyclization mechanism. Upon excitation of MZC, an ESIPT process takes place due to the charge rearrangement, whereby the red-shift fluorescence with a large Stokes shift can occur. It is precisely for this that MZC-AC can be used to sense Cys by monitoring the change of fluorescence.

![Sensing Mechanisms of the Fluorescent Probe MZC-AC for Cys](ao0c02393_0009){#sch2}

4. Conclusions {#sec4}
==============

In summary, we report here the sensing mechanism of ESIPT-based fluorescent probe MZC-AC by DFT/TDDFT. As a result, MZC-AC shows high selectivity with a large Stokes shift for the detection of Cys with a turn-on feature. Due to the PET mechanism, MZC-AC is nonfluorescent. After the addition of Cys, the conjugate addition/cyclization mechanism produces MZC. Upon excitation of MZC, an ESIPT mechanism takes place, whereby the red-shift fluorescence with a large Stokes shift can occur.
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